A new frequency domain electromagnetic system, based on different working principle has been designed and its efficacy tested over the existing systems through laboratory-scale-model studies. In this system, two transmitter coils have been employed to generate a magnetic null plane at their geometric centre. The receiver coil is placed in the null plane to record the induced secondary field. The interaction of the primary field is almost negligible on the secondary field recorded by the receiver. We present the theory and physical model results describing the system parameters and efficacy. The testing through physical model studies suggests an increased depth of detection in this new configuration compared to the existing systems. In terms of secondary field, the strength of the anomaly reflects the magnetic permeability/susceptibility difference of the subsurface medium on either side of the receiver. The study concludes that there is significant increase in depth of investigation and secondary field strength in this system over the existing conventional frequency domain systems and also more robust for boundary detection.
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ELECTROMAGNETIC (EM) methods are popular for a wide variety of applications in exploring the internal structure of objects by transmitting the primary electromagnetic field and analysing the induced secondary field intensities. Similar mechanism is involved in the geophysical electromagnetic exploration for measuring conductivity/ susceptibility of the subsurface formations to map the mineral/ore deposits 1 . Geometrical electromagnetic sounding is a popular technique, in which the separation between the transmitter and receiver coils is increased to achieve deeper penetration 2 . The skin depth is the most important and interesting phenomenon that restricts the penetration of the fixed frequency electromagnetic energy up to a constant depth for a fixed transmitter (Tx) and receiver (Rx) separation within a subsurface layer with specific electrical conductivity 3, 4 . Most of the frequency domain electromagnetic systems utilize the concept of skin depth to scan the subsurface by decreasing the frequency of the primary field. Such frequency sounding is the most popular method since the past five decades in geophysical electromagnetic exploration 5 . These systems are handy in near subsurface study, such as groundwater exploration in hard-rock terrains, soil pollution study, mineral exploration, etc.
Different techniques and coil configurations have been developed to nullify the influence of strong primary field on the receiver in frequency domain EM exploration. Recently, researchers have designed the vertical primary decoupled coil configuration (VPDCc) to nullify the effect of primary field on the receiver 6, 7 . They have suggested placing the receiver coil at a strategic position where the primary magnetic field horizontal component is zero. The performance and stability of VPDCc have been tested and found efficient among the existing conventional coil configurations using laboratory studies. However, the complicated non-coplanar and non-coaxial geometrical set-up of the transmitter and receiver coils in the VPDCc reduces its wider applicability.
In this communication, we present a new frequency domain electromagnetic system known as 'dual transmitter receiver electromagnetic (DuTrEM)' system. We discuss the working principle and its theoretical background. Then we provide the results on testing of the DuTrEM system over conducting targets of different geometries using a laboratory model in comparison with VPDCc.
The DuTrEM system employs two transmitters and one receiver with vertical co-axial configuration. The problems with the VPDCc geometry are circumvent with the new configuration in which three coils are engaged coaxially. The centre coil works as the receiver and the two other are the transmitters placed at equal distances on either side of the receiver. The two transmitters produce electromagnetic dipole fields with opposite directions to generate a magnetic cavity plane between them by sending current in opposite directions. It is known from the basic properties of magnetism that the like poles repel each other. Therefore, generation of the magnetic null plane could be possible if the two coils produce opposite magnetic fields. The repulsion between magnetic field lines of force allows deep penetration of the field to incorporate more depth of investigation. The null plane will be at the geometric centre if both the two transmitter coils possess the same parameters (number of turns, radius, thickness and the current sent). Figure 1 a shows a schematic diagram of the proposed configuration. The receiver coil is placed coaxially in this magnetic null plane to pick up only the secondary induced anomaly field arising due to the difference in the electromagnetic properties (conductivity, magnetic permeability and electrical permittivity) of the subsurface on either side of the receiver. Figure 1 b shows the magnetic field distribution pattern of the DuTrEM system.
The equation for resultant magnetic field at the receiver due to the two transmitters is simply the vector sum of two magnetic fields from the transmitters. The induced voltage in the receiver coil is proportional to timevarying magnetic field at the receiver. The equation for the magnetic field at the receiver coil in terms of magnetic permeability/susceptibility can be obtained as follows.
Let us suppose that the system is placed on the surface and imagine that the boundary between the formations falls exactly beneath the receiver, as shown in Figure 2 . Now, the voltage induced in the receiver is due to the resultant induced magnetic field from the two transmitters at the receiver. The magnetic field at the receiver due to the first transmitter (Tx 1 ) is given by (assuming that the coils contain only one turn).
Similarly, the magnetic field at the receiver due to the second transmitter (Tx 2 ) is
So, the net magnetic flux through the receiver is
Here  1 and  2 denote the magnetic permeability of the homogenous medium and formation 'A', and  1 and  2 denote the magnetic susceptibilities of the homogenous medium and formation 'A' respectively ( Figure 2) . a is the radius of the transmitter and receiver coils and l is the separation between the transmitter and receiver coils. The difference in the magnetic properties of the medium produces an induced residual time-varying magnetic field following eqs (3) and (4). The receiver coil converts the residual induced magnetic field to voltage and will be measured using an appropriate device. This voltage is therefore a measure of the induced electromagnetic field difference from the subsurface material on either side of the receivers. Figure 3 shows the DuTrEM system set-up in the laboratory to conduct scale model studies over targets with different transition parameters. In the present study, copper wire of 1 mm gauge is used for winding the coils (transmitter as well as receiver). Each coil contains 150 turns with an average radius of 2.5 cm. We have utilized basic operational amplifier UA741 in the receiver amplifier and modified TDA2030 dual-channel audio power amplifier as transmitter. The system is driven by 18 W power amplifier in the frequency range 10-100 kHz. An amplifier with gain-2 has been employed in the receiver circuit. As the anomaly is normalized, the gain of the receiver amplifier will not affect data analysis and interpretation. In the ideal case, the receiver output voltage of the system over homogeneous medium will be zero. However, due to practical limitations in maintaining equal separation between the receiver and transmitter coils at micro level to achieve exact magnetic null plane, we consider 10-20 mV as zero receiver anomalies. The system calibration/null-field adjustment can be done as follows.
The receiver coil will be fixed at the centre and the transmitters on either side are flexible to move along the axis. The system has to be calibrated at the particular frequency of interest within a reference medium by slightly adjusting the separation between the receiver and one transmitter while keeping the other transmitter at a particular distance, until the receiver voltage between ~0 and 20 mV is achieved. This is called 'magnetic null set-up' or simply 'null set-up'. Once the system is calibrated for null set-up, we can proceed to acquire the data. If one wants to go for a wide range of frequency, it is suggested to calibrate the system for each frequency separately.
Profiling data over a vertical graphite sheet of thickness 5 mm, length 750 mm and breadth 400 mm are obtained using both VPDC and DuTrEM configurations for different target depths (d) in a model tank made up of non-conductive material within the host medium of free space using Tx 1 -Rx-Tx 2 separation of 5 cm. The target is kept at a horizontal distance 40 cm from the starting point of the profile (i.e. 0 cm in Figures 4 and 5) . Figures 4 and  5 show the percentage of anomaly calculated for the vertical graphite sheet at different depths using both the systems. As VPDCc was proven as a more efficient system over conventional horizontal co-planar (HCP) configuration, we have compared the DuTrEM configuration with VPDCc to verify its efficacy in terms of percentage of anomaly for different target depths. Table 1 provides a comparison of the percentage of anomaly observed from both the systems for the same transition parameters. It can be observed that the strength of the anomaly with DuTrEM for the same h/L ratio is almost eight times higher than VPDCc. Figure 6 shows the profiles over a vertical graphite cylinder for different target depths. Our results indicate that the anomaly obtained over the graphite cylinder (65%) is almost double that over the vertical sheet (30%) for h/L ratio of 1.5. The high anomaly percentage justifies the larger volumetric contribution of the solid graphite cylinder compared to the thin vertical sheet.
Further, frequency response of the system has been studied to verify the frequency stability in laboratory scale. Figure 7 depicts the profiling anomalies over a vertical graphite cylinder of length 16 cm and diameter 15 cm at different depths using frequencies between 30 and 100 kHz with Tx-Rx separation of 5 cm. From the frequency response it is clear that the system can be operated in the frequency range 10-80 kHz to detect targets at depths up to 1.8 times to the Tx-Rx separation with conductivities less than or equal to that of graphite. With more accurate instrumentation amplifiers and power amplifiers, one can achieve better results using DuTrEM configuration.
Finally we have obtained profiles over a horizontal aluminium sheet (l = 60 cm, b = 25 cm, t = 0.2 cm) along its breadth to verify the system applicability on other conducting materials as well as its efficacy in measuring the extension of the conducting body. Figure 8 depicts the anomaly curve for different depths (10, 15 and 20 cm) over the aluminium sheet using Tx-Rx separation of 7.5 cm. Even though the sheet is very thin, it is possible to detect the target up to a depth approximately equal to twice the Tx-Rx separation. The boundaries of the aluminium sheet are clearly identified by the peaks of the anomaly curve. The distance between the two peaks is 25 cm, which is exactly equal to the physical breadth of target. As the conductivity of aluminium is higher than that of graphite, the strength of the anomaly is high in case of thin aluminium sheets compared to graphite sheets. From the physical model studies it is observed that the new system provides more depth of investigation and accurate boundary detection compared to conventional systems. The improved depth of investigation is possible because of the repulsion between the magnetic lines of force. The depth of investigation is 1.8 times the Tx-Rx separation, and the strength of the anomaly is eight times more compared to the VPDCc system.
We have designed and developed a new frequency domain electromagnetic system for geophysical exploration of subsurface conductive bodies. The physical model laboratory studies over conducting bodies with different transition parameters show that this configuration is efficient compared to the conventional frequency domain systems. The system facilitates accurate boundary detection between geological formations with different electrical properties. The proposed system can be operated over a wide range of frequencies to scan the subsurface with high resolution. The main features of the system are as follows: (i) depth of investigation of the system is around ~1.8 times the transmitter-receiver separation and the strength of the anomaly is eight times more compared to the VPDCc system. (ii) As the receiver is placed in the magnetic null plane, the observed anomaly is directly proportional to the difference in the magnetic properties between the subsurface lateral extents and provides accurate boundary detection. (iii) The exact estimation of the target length/breadth is possible as the boundaries between the different formations are clearly indicated by peaks in the anomaly curve.
